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(57) ABSTRACT 
In a method of making a carbon fiber, polyacrylonitrile is 
dissolved into a first solvent, thereby generating a first solu-
tion. A plurality of cellulose nano-structures is dispersed in a 
second solvent, thereby generating a first suspension. The 
first suspension is mixed with the first solution, thereby gen-
erating a first mixture. The first mixture is spun so as to draw 
fibers from the first mixture. The fibers are stabilized and then 
the fibers are carbonized. A fiber includes an elongated car-
bonized polyacrylonitrile matrix. A plurality of carbonized 
cellulose nano-structures is in the carbonized polyacryloni-
trile matrix. 
16 Claims, 1 Drawing Sheet 
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POLYACRYLONITRILE/CELLULOSE 
NANO-STRUCTURE FIBERS 
CROSS-REFERENCE TO RELATED 
APPLICATION(S) 
2 
FIG. 2A is a schematic diagram of a fiber before carbon-
ization. 
FIG. 2B is a schematic diagram of a fiber after carboniza-
tion. 
DETAILED DESCRIPTION OF THE INVENTION 
This application claims the benefit of U.S. Provisional 
Patent Application Ser. No. 61/901,519, filed Nov. 8, 2013, 
the entirety of which is hereby incorporated herein by refer-
ence. This application claims the benefit of U.S. Provisional 10 
Patent Application Ser. No. 61/903,048, filed Nov. 12, 2013, 
the entirety of which is hereby incorporated herein by refer-
ence. This application claims the benefit of U.S. Provisional 
Patent Application Ser. No. 62/002,761, filed May 23, 2014, 
the entirety of which is hereby incorporated herein by refer- 15 
ence. This application claims the benefit of U.S. Provisional 
Patent Application Ser. No. 62/004,053, filed May 28, 2014, 
the entirety of which is hereby incorporated herein by refer-
A preferred embodiment of the invention is now described 
in detail. Referring to the drawings, like numbers indicate like 
parts throughout the views. Unless otherwise specifically 
indicated in the disclosure that follows, the drawings are not 
necessarily drawn to scale. As used in the description herein 
and throughout the claims, the following terms take the mean-
ings explicitly associated herein, unless the context clearly 
dictates otherwise: the meaning of "a," "an," and "the" 
includes plural reference, the meaning of "in" includes "in" 
and "on." 
As shown in FIG. 1, in one embodiment of a method of 
making a carbon fiber 100, polyacrylonitrile is dissolved into ence. 
BACKGROUND OF THE INVENTION 
1. Field of the Invention 
The present invention relates to carbonized fibers and, 
more specifically, to carbonized fibers that include carbon-
ized cellulose nano-structures. 
2. Description of the Related Art 
The vast majority of carbon fibers are currently processed 
from polyacrylonitrile (PAN). PAN fibers are typically drawn 
in a spinning process. They are then stabilized and carbonized 
to form carbon fibers. The addition of small amount of carbon 
nanotubes as reinforcement in PAN can result in more than a 
50% increase in the modulus and tensile strengthofthe result-
ing carbon fiber. However, carbon nanotubes are still too 
expensive for common commercial uses. 
Therefore, there is a need for an inexpensive method of 
making reinforced carbon fibers. 
SUMMARY OF THE INVENTION 
20 a first solvent, thereby generating a first solution 110. The 
polyacrylonitrile can be a polyacrylonitrile copolymer, a 
polyacrylonitrile homopolymer or combinations thereof. A 
plurality of cellulose nano-structures (such as cellulose nano-
crystals, cellulose nano-fibrils and combinations thereof) is 
25 dispersed (for example, through bath sonication) in a second 
solvent, thereby generating a first suspension 112. The first 
suspension is mixed with the first solution, thereby generating 
a first mixture 114. The first mixture is spun so as to draw 
fibers from the first mixture 116. The fibers are stabilized in 
30 air 118 and then the fibers are carbonized 120. Stabilization 
and carbonation can be performed through techniques used in 
stabilization and carbonization of PAN fibers and cellulose 
fibers. 
The first solvent and the second solvent can include sol-
35 vents such as: dimethyl formamide (DMF); dimethyl aceta-
mide (DMAc); dimethyl sulfoxide (DMSO). The same type 
of solvent can be used for the first solvent and the second 
solvent. 
The fibers formed may be extruded into a cold methanol 
40 bath and stretched during spinning step. The stretching may 
The disadvantages of the prior art are overcome by the include first drawing the fibers at room temperature and then 
present invention which, in one aspect, is a method of making stretching the fibers in a glycerol bath at a temperature that is 
a carbon fiber, in which polyacrylonitrile is dissolved into a greater than 100° C. In one embodiment, the fibers may be 
first solvent, thereby generating a first solution. A plurality of stretched until they have a draw ratio in a range of from 10 to 
cellulose nano-structures is dispersed in a second solvent, 45 24. 
thereby generating a first suspension. The first suspension is In one embodiment, the cellulose nano-structures in the 
mixed with the first solution, thereby generating a first mix- suspension have a weight that is in a range of between 1 % to 
ture. The first mixture is spun so as to draw fibers from the first 30% of the weight of the polyacrylonitrile in the suspension. 
mixture. The fibers are stabilized and then the fibers are The cellulose nano-structures may also have an orientation 
carbonized. 50 that is predominantly aligned along an axis of the fibers. 
In another aspect, the invention is a fiber that includes an Polyacrylonitrile (PAN)/Cellulose Nano Crystal (CNC) 
elongated carbonized polyacrylonitrile matrix. A plurality of nano composite fibers can be spun using solvents such as 
carbonized cellulose nano-structures is dispersed in the car- dimethyl formamide (DMF), DMAc, DMSO etc. CNC 
bonized polyacrylonitrile matrix. weight concentration can be varied in the range of 1 to 30 
These and other aspects of the invention will become 55 weightpercentwithrespecttotheweightofthePANpolymer. 
apparent from the following description of the preferred PAN can be in the form of a homopolymer, a copolymers, or 
embodiments taken in conjunction with the following draw- combinations thereof, where the copolymer content such as 
ings. As would be obvious to one skilled in the art, many methacrylic acid, itaconic acid etc. can be selected based on 
variations and modifications of the invention may be effected their carbonization performance. Fibers are stabilized in air 
without departing from the spirit and scope of the novel 60 and carbonized in inert environment under tension. 
concepts of the disclosure. As shown in FIG. 2A, the pre-carbonization fiber 210 
BRIEF DESCRIPTION OF THE FIGURES OF 
THE DRAWINGS 
FIG. 1 is a flow chart showing one method of making 
carbon fibers. 
includes a PAN matrix 212 and a plurality cellulose nano-
structures 214 dispersed throughout the PAN matrix 212. 
After carbonization, as shown in FIG. 2B, the fiber 220 
65 includes carbonized PAN 222 and carbonized cellulose nano-
structures 224. In one embodiment, the carbonized cellulose 
nano-structures make up about 30% of the weight of the fiber 
US 9,409,337 B2 
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and the carbonized polyacrylonitrile matrix make up about 
70% of the weight of the fiber. 
In one experimental embodiment, polyacrylonitrile-co-
methacrylic acid (PAN-co-MAA; 4 wt.% ofMAA content, 
Mw -2.4x105 g/mol) was obtained from Japan Exlan Cor- 5 
poration. Cellulose nano crystal (acid hydrolysis, dry pow-
der) were obtained from The Process Development Center at 
The University of Maine. N, N-dimethyl formamide (DMF) 
was obtained from BDH Incorporation and was purified by 
distillation before use. CNCs were dispersed in DMF by bath 10 
sonication (Branson 351 OR-MT, 100 W, 42 kHz) at a concen-
tration of75 mg/dL for 24 h. Meanwhile, PAN (14.85 g) was 
dissolved in DMF (100 mL) at 80° C. After CNC/DMF dis-
persion was added into PAN solution, the excess solvent was 
removed by vacuum distillation until the solution reached a 15 
desired solid concentration of 15 g/dL. 
4 
weight is that of carbonized PAN (with a tensile strength of 5 
GPa and tensile modulus of 300 GPa), then the resulting 
PAN/CNC composite fiber is estimated to have a tensile 
modulus approaching 500 GPa and tensile strength approach-
ing 15 GPa. Actual realization of these properties will depend 
on the interfacial strength between carbonized CNC and car-
bonized PAN as well as on the orientation of carbonized CNC 
in the fiber, as well as on the aspect ratio of the carbonized 
CNC fibril. Interfacial strength between PAN and CNC can be 
chemically tailored, while highest aspect ratio and most per-
fect cellulose nano crystals will be used, and gel spinning 
inherently produces high molecular (PAN) and filler (CNC) 
orientations. Even the achievement of only 8 GPa tensile 
strength and 400 GPa tensile modulus will result in a highly 
useful commercial fiber. 
Carbon fibers containing cellulose nano crystals (made 
from natural materials such as wood) will have green foot 
print. These high strength and high modulus carbon fibers 
will find applications in composites for aerospace, automo-
biles, and wind-mill blades among others. PAN/CNC com-
posite fibers have been processed using gel spinning technol-
ogy. These composite fibers exhibit higher mechanical 
properties than the control fiber without CNCs. 
The above described embodiments, while including the 
preferred embodiment and the best mode of the invention 
known to the inventor at the time of filing, are given as 
illustrative examples only. It will be readily appreciated that 
many deviations may be made from the specific embodiments 
The PAN and PAN/CNC composite fibers were spun via a 
gel spinning technique. A Bradford spinning system with a 
single-hole spinneret (D=200 µm) was used, and the solution 
was extruded into a cold methanol bath (-50° C.) with an 20 
air-gap of 2 cm. During spinning, the fibers were stretched, 
and the stretching ratio was defined as the as-spun draw ration 
(DR). Prior to further drawing, the collected as-spun fibers 
were stored in cold methanol (-50° C.) for 72 hours. The fiber 
drawing was carried out in two stages: at room temperature in 25 
air followed by stretching at 165° C. in a hot glycerol bath. 
The drawn fiber was then washed in ethanol to remove glyc-
erol. The total draw ratio was defined as the product of as-
spun draw ratio, cold draw ratio (i.e draw ratio at room tem-
perature), and hot draw ratio (i.e. draw ratio at 165° C.). 30 disclosed in this specification without departing from the 
spirit and scope of the invention. Accordingly, the scope of the 
invention is to be determined by the claims below rather than 
being limited to the specifically described embodiments 
above. 
Dynamic mechanical tests were conducted at 10 Hz at a 
heating rate of 1° C./min, and on bundles of 10 filaments at 
25.4 mm gauge length. Wide-angle X-ray diffractions of 
PAN-co-MAA control and composite fibers were collected 
by Rigaku MicroMax 002 X-ray generator with confocal 35 
optics to produce Ka radiation (I=l.5418 A) and equipped 
with a R-axisIV ++ detector. The crystallinity was calculated 
by fitting the integrated scan using MDI Jade 8.5.2 software, 
and the crystal size was calculated from the FWHM (Full 
width at half the maximum intensity) of the crystalline peaks 40 
from the equatorial scan. Tensile tests were conducted at 1 
inch gage length using FAVIMAT tensile tester. 
Cellulose nano-crystals (CNC) and nano-fibrils offer an 
attractive alternative to carbon nanotubes in reinforcing PAN 
fibers. CNCs have a near perfect crystal structure and high 45 
strength (7.5 GPa) and high modulus (110-220 GPa). 
Depending on the CNC source, their transverse dimension is 
in the range of3-15 nm and length in the range of 100 nm to 
3 µm. Once carbonized under tension, these CNCs will form 
highly ordered graphitic fibrils. It is well known that on car- 50 
bonization, the tensile strength of PAN fibers increases by a 
factor of about 6 and a similar increase in strength is achieved 
on carbonization of rayon fiber. If similarly a factor of six 
increase is achieved on carbonization of CNC, then the axial 
tensile strength of CNC would exceed 40 GPa and their axial 55 
tensile modulus will be close to the theoretical tensile modu-
lus of graphite, that is 1060 GPa. Tensile strength of over 40 
GPa is quite reasonable and expected for the carbonized near 
perfect cellulose nano crystal, considering that tensile 
strength of20 GPa was measured on carbon whiskers and that 60 
tensile strength in the range of 25 to 60 GPa have been 
measured for carbon nanotubes and for graphene over the last 
decade. Also, it should be noted that the theoretical tensile 
strength of the perfect graphitic carbon structures are in the 
range of 100 to 150 GPa based on both classical and quantum 65 
mechanical considerations. If the 30% weight of the carbon 
fiber is composed of near perfect carbonized CNCs and 70% 
What is claimed is: 
1. A method of making a carbon fiber, comprising the steps 
of: 
(a) dissolving polyacrylonitrile into a first solvent, thereby 
generating a first solution; 
(b) dispersing a plurality of cellulose nano-structures in a 
second solvent, thereby generating a first suspension; 
( c) mixing the first suspension with the first solution, 
thereby generating a first mixture; 
( d) spinning the first mixture so as to draw fibers from the 
first mixture; 
(e) stabilizing the fibers; and 
(f) carbonizing the fibers. 
2. The method of claim 1, wherein the cellulose nano-
structures comprise a selected one of cellulose nano-crystals 
and cellulose nano-fibrils. 
3. The method of claim 1, wherein the dispersing step 
comprises the step of applying bath sonication to the nano-
structures and the second solvent. 
4. The method of claim 1, further comprising the step of 
extruding the fibers formed from the first mixture into a cold 
methanol bath. 
5. The method of claim 1, further comprising the step of 
stretching the fibers during the spinning step. 
6. The method of claim 5, wherein the stretching step 
comprises: 
(a) drawing the fibers at room temperature; and 
(b) after the drawing step, stretching the fibers in a glycerol 
bath at a temperature that is greater than 100° C. 
7. The method of claim 5, wherein the stretching step 
stretches the fibers until they have a draw ratio in a range of 
from 10 to 24. 
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8. The method of claim 1, wherein the cellulose nano-
structures in the suspension have a weight that is in a range of 
between 1 % to 30% of the weight of the polyacrylonitrile in 
the suspension. 
9. The method of claim 1, wherein the cellulose nano- 5 
structures have an orientation that is predominantly aligned 
along an axis of the fibers. 
10. The method of claim 1, wherein the first solvent com-
prises a solvent selected from a list consisting of: dimethyl 
formamide (DMF); dimethyl acetamide (DMAc); dimethyl 10 
sulfoxide (DMSO); and combinations thereof. 
11. The method of claim 1, wherein the second solvent 
comprises a solvent selected from a list consisting of: dim-
ethyl formamide (DMF); dimethyl acetamide (DMAc); dim-
ethyl sulfoxide (DMSO); and combinations thereof. 15 
12. The method of claim 1, wherein the polyacrylonitrile 
comprises a selected one of a polyacrylonitrile copolymer 
and a polyacrylonitrile homopolymer. 
13. A fiber, comprising: 
(a) an elongated carbonized polyacrylonitrile matrix; and 20 
(b) a plurality of carbonized cellulose nano-structures dis-
persed in the carbonized polyacrylonitrile matrix. 
14. The fiber of claim 13, wherein the carbonized cellulose 
nano-structures comprise 30% of the weight of the fiber and 
wherein the carbonized polyacrylonitrile matrix comprises 25 
70% of the weight of the fiber. 
15. The fiber of claim 13, wherein the carbonized cellulose 
nano-structures are predominantly oriented along an axis of 
the fiber. 
16. The fiber of claim 13, wherein the carbonized cellulose 30 
nano-structures comprise a selected one of carbonized cellu-
lose nano-crystals and carbonized cellulose nano-fibrils. 
* * * * * 
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